Introduction
Cancer gene/virus therapy will not achieve its potential until vectors can be delivered systemically to metastatic disease (1) . Many barriers exist in immunocompetent hosts, including immune inactivation, mislocalization, specific and nonspecific sequestration, and inadequate intratumoral extravasation (1, 2) . In virus-immune hosts, neutralizing antibody (NAb) also inhibits intratumoral delivery, although it can protect against widespread viral dissemination/toxicity (3) . Transient immunosuppression can modulate NAb and other immune effectors to enhance viral delivery (3, 4) . We (5-7) and others (8, 9) have also used cells to protect viruses from circulating immune elements and to chaperone them into tumors (2) .
Vectors directly injected into human tumors fail to migrate beyond the needle track (10) . Thus, replication-competent vectors have been developed that, theoretically, can initiate comprehensive, spreading intratumoral infections from low-level initial seeding (11, 12) . A portfolio of oncolytic viruses with replicative selectivity for tumor cells is being tested (13, 14) . Reovirus (Reo) is selectively cytotoxic to Ras-activated tumor cells (15) and has efficacy in immunocompetent and -deficient models (16) (17) (18) (19) (20) . We conducted phase I clinical trials with systemically delivered Reo (21) (22) (23) . Interestingly, these and other studies have shown systemic virus delivery to tumors, despite high NAb titers (21) (22) (23) (24) . Nonetheless, significant problems persist in achieving efficient systemic viral delivery, and much effort is now focusing on combining oncolytic viruses with standard treatment modalities (25, 26) .
Tumor vasculature represents both a target for and a barrier to systemic virotherapy (27) (28) (29) (30) . Many human tumors overexpress VEGF, particularly VEGF 165 (an alternatively spliced isoform of VEGF-A), to support their own growth (27, 31, 32) . VEGF 165 binds to vasculatureassociated VEGFR2 and mediates tumor angiogenesis (33) . The biological importance of this process is underscored by the development of clinically approved VEGF-targeting therapeutics (Avastin/bevacizumab, sorafenib, sunitinib) (34) (35) (36) (37) . VEGF has multiple effects on tumor vasculature, increasing vasodilation, permeabilization, and disorganization (27, 32) . Indeed, VEGF was initially called vascular permeability factor (31) . Anti-VEGF therapies may "normalize" tumor vasculature, an effect that may improve tumor blood flow and increase delivery of therapies (38) . In murine tumor models, the window of vessel normalization is short (days following treatment) (27, 38) .
We initially hypothesized that transient destabilization of tumor vasculature by VEGF 165 may facilitate intratumoral delivery of oncolytic viruses. Although administration of a proangiogenic factor to cancer patients seems counterintuitive, we aimed to identify dose schedules that transiently destabilize vasculature, thereby enhancing virus delivery, without promoting long-term tumor growth. Using non-VEGF-expressing tumors in immunocompetent mice, we achieved long-term cures in mice treated with VEGF 165 followed, after a specific interval, by i.v. Reo. Although VEGF 165 enhanced vascular leakage, therapeutic effects derived mainly from VEGF 165 -mediated stimulation of endothelial cells transiently to support viral replica-tion. Appropriately timed systemic virus delivery led to replication in and lysis of tumor-associated endothelial cells and innate immunemediated antivascular effects with subsequent vascular collapse. By extending this principle to tumors overexpressing VEGF 165 , we combined clinically approved VEGF 165 inhibitors with virus delivery to achieve long-term cures. Therefore, we have developed here what we believe is a novel method by which clinically approved inhibitors of VEGF 165 can be combined with systemic delivery of oncolytic viruses to treat established tumors. Since this approach targets the tumor endothelium rather than any specific tumor type, these data support immediate clinical testing of combinations of oncolytic virotherapy and agents that modulate VEGF signaling to tumor vasculature across a potentially broad range of cancers. 165 conditions tumors for virotherapy. Up to 5 daily doses (1 μg) of VEGF 165 did not promote growth of VEGF 165 -nonproducing B16 tumors ( Figure 1A ). At least 3 daily VEGF 165 injections were required to induce vascular leakage as determined by wet/dry lung weight ratios (data not shown) (6) . Although i.v. Reo is minimally therapeutic in the B16/C57BL/6 model ( Figure 1A ), 3 daily VEGF 165 injections followed by 1 i.v. Reo injection was therapeutic (P < 0.01 vs. VEGF 165 or Reo) ( Figure 1A ). Two daily VEGF 165 injections followed by Reo i.v. was not superior to Reo alone. The effect of (VEGF 165 ) × 3 + Reo was not increased with 4 or 5 VEGF 165 injections (data not shown).
Results

Systemic VEGF
Evaluation of multiple VEGF 165 /Reo schedules revealed that a regimen of VEGF 165 (days 1, 2, 3) followed 24 hours later by i.v. Reo (days 4, 5), which was repeated 3 times (days 1-5, 8-12, and 15-19) , generated significant antitumor therapy (P < 0.001) compared with control regimens ((PBS × 3) + (Reo × 2) or (VEGF 165 × 3) + (PBS × 2)) ( Figure 1B) .
Tumors harvested 24 hours after (VEGF 165 × 3) + Reo treatment contained necrotic tumor and perivascular lymphocyte infiltrates ( Figure 1, C and D) . By 72 hours, extensive vasodilation, necrosis, and intratumoral hemorrhage were observed in regressing tumors. Frequently, the integrity of intratumoral vessels could not be determined (Figure 1 , E-G).
Figure 1
VEGF165 conditions tumors for systemic Reo therapy. (A) Mice bearing B16 tumors established subcutaneously 7 days previously in C57BL/6 mice (5/group) were treated with a single injection per day for 1, 3, or 5 consecutive days of VEGF165 (1 μg/injection) (VEGF ×1, ×3, or ×5); 5 daily injections of PBS (PBS ×5); 3 daily injections of PBS followed 24 hours later by a single i.v. injection of Reo (5 × 10 8 TCID50) (PBS ×3 + Reo); or 3 daily injections of VEGF165 followed 24 hours later by a single i.v. injection of Reo (VEGF × 3+Reo). Survival (tumor reaching 1.0 cm in diameter) was followed over time. (B) C57BL/6 mice bearing B16 tumors established 7 days previously in C57BL/6 mice (7-8/group) were treated (days 1-3) with a single injection per day for 3 consecutive days of VEGF165 or PBS, followed 24 hours later (days Systemic VEGF 165 enhances virus localization in tumors. One cycle of (VEGF 165 × 3) + (Reo × 2) significantly increased systemic reoviral delivery to subcutaneous tumors (P < 0.001 vs. (PBS × 3) + (Reo × 2)) ( Figure 2A) . Increased viral titers were also recovered from normal organs, albeit at least 3 logs lower than in tumor (Figure 2A ). Highest levels of non-tumor-associated virus were recovered from the tail, perhaps through endothelial damage at injection sites ( Figure 2A) . Despite virus detection in nontumor tissues, no overt toxicity was observed in mice treated with (VEGF 165 × 3) + (Reo × 2).
VEGF-enhanced virotherapy depends upon host immune components. Therapy associated with (VEGF 165 × 3) + (Reo × 2) was lost in NK-, CD4 + -, and CD8 + -depleted mice ( Figure 2B) , showing that host immune cells are necessary for VEGF 165 -enhanced Reo therapy.
We characterized further the relative importance of VEGF 165 -mediated enhanced virus access to, and replication in, established tumors compared with host antiviral immune reactivity. Therefore, we tested (VEGF 165 × 3) + (Reo × 2) against B16ova tumors, a B16 variant that supports very poor Reo replication ( Figure 2C ) and cytotoxicity (not shown) in vitro. Even so, 3 weekly cycles of (VEGF 165 × 3) + (Reo × 2) were as successful against B16ova tumors ( Figure 2C ) as against B16 tumors ( Figure 1B ), indicating that viral activity against nontumor cells is critical.
In this respect, B16 in C57BL/6 mice was consistently cured by 3 cycles of (VEGF 165 × 3) + (Reo × 2) ( Figure 1B ), but no therapeutic effect was seen in MyD88-deficient mice ( Figure 2D ). Significantly, although B16 tumors express MyD88 (data not shown), the tumor-associated stroma, including host-derived endothelium, does not. Therefore, intact innate immune signaling through MyD88 nontumor cells is required for therapeutic efficacy of 3 × (VEGF 165 × 3) + (Reo × 2).
To identify the host-derived compartment targeted by VEGF 165 -enhanced Reo activity, we examined the effects of therapy on tumor-associated endothelium. Consistent with our difficulty in evaluating vessel density in regressing B16 tumors in vivo (Figure 1 , C-G), (VEGF 165 × 3) + (Reo × 2) markedly reduced mRNA for the endothelial-associated marker TIE2 ( Figure 2E ). In contrast, there was little change in expression of the tumor cell-associated marker gp100 at this stage ( Figure 2E ).
Taken together, the data in Figure 2 suggest that VEGF 165 /Reo therapy may be mediated, at least initially, through viral-induced oncolysis and/or immune attack of VEGF 165 -activated endothelial cells rather than by direct viral replication/oncolysis in tumor cells.
VEGF 165 burst conditions endothelial cells for viral replication. Consistent with this hypothesis, HUVEC grown without VEGF 165 supported Reo replication when VEGF 165 was reintroduced at suprathreshold levels, an effect that was absent in B16 cells ( Figure 3A) . VEGF 165 -mediated conditioning of HUVEC for Reo replication was only induced in cells that had previously been deprived of VEGF 165 . Boosting preexisting VEGF 165 levels (from 6 ng/ml to 12 ng/ml) or sustained exposure yielded either low (~3 × 10 3 median tissue culture infective dose [TCID 50 ]) (data not shown) or no Reo replication in HUVEC ( Figure 3A ). HUVEC initially grown without VEGF 165 and then pulsed with VEGF 165 were extensively lysed by Reo ( Figure 3B ). As before, Reo cytotoxicity against B16 was unaffected by the presence/absence of VEGF 165 ( Figure 3C ).
HUVEC grown continuously in VEGF 165 maintained low, but detectable VEGFR1/2 expression ( Figure 3D ). Boosting preexisting VEGF 165 levels in vitro gave variable results over several experiments. In some, there was no detectable increase in VEGFR1/2 expression; in others, we observed an increase in VEGFR2 ( Figure 3D ). HUVEC grown without VEGF 165 for 72 hours consistently downregulated VEGFR1/2 expression ( Figure 3D ). HUVEC grown for 48 hours without VEGF 165 , followed by de novo VEGF 165 exposure, significantly induced VEGFR1/2, mirroring the increased reoviral replication under similar conditions ( Figure 3A ). B16 cells expressed neither VEGFR1 nor VEGFR2 irrespective of VEGF 165 exposure ( Figure 3E ).
Taken together, these data show that endothelial cells pulsed with VEGF 165 become permissive for reoviral replication and oncolysis. , and d-f) or continually with VEGF165 present in the medium (group c) at 10 ng/ml. Cultures were then exposed to mock infection (group a) or to Reo (MOI of 0.1) (groups b-f) in the presence of added VEGF165 at 10 ng/ml (groups a and c) or at 0.1 ng/ml (group d), 1.0 ng/ml (group e), or 6 ng/ml (group f). 72 hours later, viral titers were determined by plaque assay. (B and C) HUVEC (B) or B16 tumor cells (C) were cultured in triplicate wells in vitro for 48 hours continually with VEGF165 present in the medium at 6 ng/ml (rows 1, 2, and 5) or in the absence of VEGF165 (rows 3 and 4). Cultures were then exposed to mock infection (row 5) or to Reo (MOI of 0.1) (rows [1] [2] [3] [4] in the presence of no VEGF165 (row 3), VEGF165 at 12 ng/ml (row 2), or VEGF165 at 6 ng/ml (rows 1 and 4). 72 hours later, surviving cells were visualized by crystal violet staining. (D and E) RT-PCR analysis for expression of VEGFR1 and VEGFR2 genes in HUVEC (D) or B16 tumor cells (E) treated as described in treatments 1-4 in B and C above.
Importantly, conditioning was optimal when endothelial cells were first deprived of and then reexposed to a VEGF 165 burst.
Inhibition of VEGF 165 signaling abolishes conditioning for Reo replication. To investigate the mechanisms by which VEGF 165 conditioning influences these effects on endothelial cells, we established an in vitro Transwell model with tumor cells separated from exposure to Reo by endothelial monolayers ( Figure 4A ). Within 3 hours of adding Reo to the endothelial cell-containing chamber, input virus was hardly detectable irrespective of the presence/absence of VEGF 165 ( Figure 4B ) or sunitinib (a VEGFR inhibitor) (Figure 4C) , an effect which may be due to either rapid viral adhesion to or sequestration within the endothelial cells. When the endothelial layer was grown in continuous or no VEGF 165 , no virus reached the lower, tumor cell-containing chamber ( Figure  4D ). However, when the endothelial layer was first deprived of VEGF 165 , followed by 24 hours reexposure, it became permeable to virus (Figure 4D ), an effect that was abrogated by sunitinib (P < 0.01 with respect to no sunitinib) ( Figure 4E) . Triplicate Transwells were cultured for 48 hours continually with VEGF165 present in the medium at 6 ng/ml or in the absence of VEGF165. All cultures were then exposed to Reo (MOI of 0.1) either in the presence of VEGF165 at 6 ng/ml, VEGF165 at 12 ng/ml, or no VEGF165. One set of Transwells was also incubated with sunitinib as an inhibitor (C and E). 3 hours after addition of VEGF165/Reo to the top chamber, cells and supernatants from the top chambers (HUVEC; B and C) or bottom chambers (B16; D and E) were harvested and titered for Reo by plaque assay. (F-I) The experiment of A-E was repeated except that viral titers were assayed 96 hours following addition of Reo/VEGF165/sunitinib to the Transwells. Figure 3 , 72 hours after exposing endothelial cells that were deprived of and then pulsed with VEGF 165 to Reo, high titers were recovered from the upper chambers (P < 0.02 compared with VEGF 165 + additional VEGF 165 ) ( Figure 4F ). Viral replication in the upper chamber was significantly (P < 0.001) inhibited by sunitinib ( Figure 4G ). Consistent with a model in which virus replicating in endothelium infects underlying tumor cells, viral replication in the lower chambers paralleled that in the upper chambers and was sunitinib sensitive (Figure 4, H and I ). Viral production under the conditions in Figure 4 , B-I, closely correlated with direct cytotoxicity to endothelial ( Figure 5A ) and underlying tumor cells ( Figure 5B) .
Consistent with
Taken together, these data show that VEGF 165 burst to endothelial layers both allows increased viral passage across the endothelial layer and provides a source of replicating virus to infect underlying tumor cells.
Inhibitors of VEGF 165 signaling can be combined with oncolytic virotherapy. Depriving endothelial cells of VEGF 165 and then providing a VEGF burst conditions them for efficient reoviral replication. We hypothesized that treating VEGF 165 -producing tumors with a VEGF inhibitor and then withdrawing treatment to allow the VEGF level to rebound might also condition endothelium for enhanced Reo replication. To test this hypothesis, we replaced VEGF 165 -nonproducing B16 with VEGF 165 -expressing B16 cells (B16-VEGF) (39) in the experiments depicted in Figure 1 . In one experiment, (VEGF 165 × 3) + (Reo × 2) was no better than (PBS × 3) + (Reo × 2) (P > 0.05), and in another, (VEGF 165 × 3) + (Reo × 2) prolonged survival (P = 0.05) but did not yield cures, in contrast to what is shown in Figure 1B . These data support our hypothesis that continual VEGF 165 signaling to tumor-associated endothelium does not confer permissivity for Reo replication (Figures 3 and 4) .
Using data from the Transwell model with HUVEC, sunitinib, and B16-VEGF cells (data not shown), we assessed various schedules of sunitinib and Reo. Sunitinib alone had no therapeutic effects on B16-VEGF tumors ( Figure 6A ) compared with PBS or Reo alone (data not shown). Separation of 2 daily doses of sunitinib from 2 daily doses of Reo by 48 hours significantly delayed growth of B16-VEGF tumors (P < 0.02 vs. PBS or Reo alone), although most tumors showed only transient growth retardation ( Figure 6B ). In contrast, a 24-hour interval between finishing sunitinib and starting Reo was significantly more effective, leading to prolonged regression and a single cure ( Figure 6C ).
Thus, we developed an extended treatment schedule that cured B16-VEGF tumors using 3 cycles of (sunitinib × 3) and i.v. (Reo × 2). Neither agent alone showed activity (Figure 6D) . Therefore, treatment of VEGF-expressing tumors with a VEGFR inhibitor combined with i.v. Reo yields significant antitumor therapy.
Broad applicability of inhibition of VEGF 165 signaling with oncolytic virotherapy. We have shown that manipulation of VEGF 165 signaling in combination with systemic Reo is effective in 2 different melanoma tumor models that either express low ( Figure 1B ) or high ( Figure 6D ) levels of VEGF 165 and in 1 variant tumor model that supports replication of the virus only very poorly ( Figure 2C ). We also demonstrated flexibility in the use of the inhibitor of VEGF 165 signaling. Thus, although sunitinib showed no activity against B16-VEGF tumors ( Figure 6D ), Avastin/bevacizumab (27, 40) was therapeutic in this model ( Figure  7A ). Nonetheless, 2 doses of i.v. Reo within 4-6 and 24 hours of the last of 3 daily doses of Avastin was superior to Avastin (P < 0.01) or Reo alone (P < 0.001) ( Figure 7A ). Finally, combined VEGF inhibition and oncolytic virotherapy can be extended to another agent, VSV, to improve responses in B16-VEGF tumors (P < 0.02 vs. sunitinib or VSV alone) ( Figure 7B ), although longterm cures were not seen with the schedule that was optimal for sunitinib/Reo ( Figure 6D ). 
Discussion
Here we describe what we believe to be a novel method by which clinically approved inhibitors of VEGF 165 can be combined with systemic delivery of oncolytic viruses, which should potentially be applicable to treating a broad range of cancers. We initially hypothesized that VEGF 165 would transiently destabilize and permeabilize tumor vasculature (27, 41) and enhance localization of circulating virus to establish spreading, therapeutic oncolytic infections. We determined a nontoxic VEGF 165 dosing schedule that did not promote tumor growth but induced vascular leak and systemic delivery of Reo to VEGF-nonexpressing B16 tumors ( Figure 1A ). Empirical expansion of this regimen involving multiple VEGF 165 doses combined with systemic Reo (3 × [(VEGF 165 × 3) + (Reo × 2)]) yielded long-term tumor cures ( Figure 1B) .
Consistent with this hypothesis, VEGF 165 /Reo was associated with increased virus recovery from tumors ( Figure 2A) . Furthermore, VEGF 165 treatment of endothelial layers enhanced the passage of virus across an endothelial layer in vitro (Figure 4D) . However, other observations suggested that increased virus access is not the only mechanism mediating the success of (3 × [(VEGF 165 × 3) + (Reo × 2)]).
Therapy depended on host-derived NK, CD4 + , and CD8 + T cells ( Figure 2B ) and host-derived MyD88-dependent innate signaling ( Figure 2D ). Although B16 tumors expressed MyD88 (data not shown), the MyD88-deficient tumor-associated stroma, including host-derived endothelial cells, did not. Therefore, intact innate MyD88 signaling in nontumor cells was required for therapy with 3 × [(VEGF 165 × 3) + (Reo × 2)] in immunocompetent mice. Tumor histology (Figure 1 , C-G) indicated extensive destruction of intratumoral vessels, and we observed preferential loss of TIE2+ve endothelial cells, relative to gp100+ve tumor cells, at early stages following VEGF 165 -enhanced virus delivery ( Figure 2E ). We also observed virus localization/replication in nontumor tissues that normally do not support Reo replication (Figure 2A) , which presents a potential toxicity concern for the translation of these studies into clinical trials. Preliminary studies in our laboratory have suggested that the increased levels of virus in tumor, as opposed to other tissues, may be explained by a tumor-specific enhancement of endothelial toxicity associated with VEGF 165 treatment and Reo replication. Thus, endothelial cells cocultured with tumor cells become significantly more susceptible to the VEGF 165 burst-induced replication of Reo compared with endothelial cells cultured alone or
Figure 6
Sunitinib inhibition of VEGF165-producing tumors synergizes with systemic Reo. (A-C) C57BL/6 mice bearing subcutaneous B16-VEGF tumors established 7 days previously were treated (days 1-2) with a single injection per day for 2 consecutive days of sunitinib followed by a single i.v. injection per day for 2 consecutive days of either (A) PBS 24 hours following the last sunitinib injection (days 3, 4); (B) Reo 48 hours following the last sunitinib injection (days 4, 5); or (C) Reo 24 hours following the last sunitinib injection (days 3, 4). (D) C57BL/6 mice bearing B16-VEGF tumors established 7 days previously in C57BL/6 mice (7-8/group) were treated (days 1-3) with a single injection per day for 3 consecutive days of sunitinib or PBS followed 24 hours later (days 4, 5) by a single i.v. injection per day for 2 consecutive days of Reo or PBS. This regimen was then repeated (days 8-12 and 15-19) twice in surviving mice. Survival was followed over time.
in the presence of nontransformed cells. These ongoing studies indicate that tumors secrete factors, which enhance the vascular collapse induced by VEGF 165 -induced Reo replication and immunemediated attack, compared with normal tissues. Such observations will help to explain, at least in part, the lack of systemic toxicity observed in treated mice, despite the increased appearance of virus in normal tissues upon VEGF 165 /Reo treatment (Figure 2A) . We believe that this may be explained by the inability of the virus to reach threshold levels of replication required for immune-mediated damage in normal organs, while exceeding those levels in tumors. Nonetheless, very close monitoring for toxicities associated with vascular damage to normal tissues will be required upon clinical translation of these studies. Finally, in vivo therapy did not correlate with the virus' ability to replicate in tumor cells (B16 vs. B16ova) in vitro ( Figure 2C ). Taken together, data from Figures 1 and 2 support the hypotheses that virus infection of endothelial cells may be an important source of intratumoral virus and that VEGF 165 /Reo therapy also involves viral-induced immune attack upon VEGF 165 -activated endothelial cells.
The observation that endothelial cells exposed to supra-threshold levels of VEGF 165 support lytic reoviral replication supports these hypotheses (Figure 3, A and B) . Conditioning of endothelial cells was optimal when VEGF 165 was initially absent and then restored as a "VEGF 165 burst," coinciding with induction of VEGFR1/2 ( Figure 3) . The concentrations of VEGF 165 used in our in vitro studies are biologically relevant levels of VEGF 165 , at least as they relate to signaling through VEGF receptors. Significantly, we have not used abnormally high levels of VEGF 165 in vitro to induce replication of virus in HUVEC. Instead, we have shown that it is the withdrawal of normal VEGF 165 signaling, followed by its reinstatement at normal levels, that is biologically important. It seems likely that VEGF 165 -VEGFR1/2 intracellular signaling establishes a "proviral" proliferative state within endothelial cells similar to that in Ras-activated tumor cells (15, (42) (43) (44) - consistent with data showing inhibition of VEGF 165 conditioning by sunitinib-induced VEGFR blockade (Figure 4) (34-37) . We are currently investigating VEGF 165 burstinduced signaling events in HUVEC and correlating these with signaling pathways exploited by Reo in tumor cells (21) . Preliminary in vitro studies have confirmed that VEGF 165 -mediated signaling to HUVEC facilitates Reo replication specifically through VEGFR2 signaling (T. Kottke et al., unpublished observations), although sensitivity to NK activation following Reo infection may be mediated through alternative signaling pathways.
From these data, we propose a model in which mechanisms other than enhanced reoviral delivery through VEGF 165 -mediated vascular permeabilization contribute to the efficacy of 3 × [(VEGF 165 × 3) + (Reo × 2)] treatment. Thus, direct systemic infection and lysis of VEGF 165 -activated tumor endothelium combine with innate immune-triggered destruction of virally infected endothelium to cause intratumoral vascular collapse. Although the relative importance of each mechanism to tumor regression is unclear, the strict dependence of therapy upon MyD88 signaling shows that innate antiviral immunity is critically important. Our data here are therefore highly consistent with the proposal that a major component of the efficacy associated with oncolytic virotherapy is contributed by the induction of vascular collapse, leading to profound bystander killing of the associated tumor cells, as described by Breitbach and colleagues (45) .
Our Transwell assay (Figure 4 ), mimicking the in vivo situation of tumor cells underlying an endothelial layer, showed that a burst of VEGF 165 signaling to endothelial cells supports virus replication, which feeds virus to underlying tumor cells. It may be that in vivo VEGF 165 burst renders the endothelium of multiple tissues/organs susceptible to Reo infection. However, the tumor cell specificity of released virus extinguishes replication and cytotoxicity in normal tissues and allows selective amplification within tumors (Figure 2A ). This explains both the tolerability and efficacy of 3 × (VEGF 165 × 3) + (Reo × 2), despite recovering virus from several nontumor sites. We are also currently investigating the possibility that tumor-associated endothelium is significantly more susceptible to VEGF 165 -enhanced Reo infection/replication than endothelial cells of nontumor tissues (Figure 2A) .
Since deprivation and subsequent reinstatement of VEGF 165 signaling to HUVEC cells promotes Reo replication (Figures 1-5) , we hypothesized that treating a VEGF 165 -producing tumor with a VEGF 165 inhibitor and then withdrawing that treatment might similarly expose tumor-associated endothelial cells to a VEGF burst and license Reo replication. Therefore, sunitinib and i.v. Reo led to significant antitumor therapy in B16-VEGF tumors ( Figure 6 ). The temporal sequence of VEGF 165 inhibitor and Reo was critical - consistent with a model in which recovery of suprathreshold VEGF 165 signaling to tumor-associated endothelium mediates susceptibility to Reo infection/lysis. The levels of VEGF produced by our B16-VEGF tumors were not high enough consis-
Figure 7
Treatment of VEGF165-producing tumors with VEGF inhibitor and systemic oncolytic virus. (A) C57BL/6 mice bearing B16-VEGF tumors established 7 days previously in C57BL/6 mice (7-8/group) were treated (days 1-3) with a single injection per day for 3 consecutive days of Avastin or PBS followed 6 and 30 hours later by i.v. injections of Reo or PBS. This regimen was then repeated twice in surviving mice. Survival was followed over time. (B) C57BL/6 mice bearing B16-VEGF tumors established 7 days previously in C57BL/6 mice (7-8/group) were treated (days 1-3) with a single injection per day for 3 consecutive days of sunitinib or PBS followed 24 hours later (days 4, 5) by a single i.v. injection for 2 consecutive days of VSV (5 × 10 8 PFU) or PBS. This regimen was then repeated (days 8-12 and 15-19) twice in surviving mice. Survival was followed over time.
tently to elevate serum levels of VEGF, even in C57BL/6 mice bearing 15-day established tumors. This contrasts with the ability of patient tumors to produce high enough levels to be detectable in the serum. Therefore, we believe that the B16-VEGF clones used in the current study produce VEGF at comparable, if not lower, levels than many human tumors in patients.
Finally, we demonstrated the broad potential applicability of combining VEGF 165 inhibition and oncolytic virotherapy. Variations on the approach of manipulating VEGF 165 signaling to the endothelium in combination with systemic Reo were effective in 3 different melanoma models. In addition, we have recently shown that VEGF 165 -mediated preconditioning is equally effective in combination with systemic Reo in additional transplantable tumor models of different histological types, and experiments are underway to test the efficacy of the approach in transgenic models of spontaneous tumor development. With respect to the flexibility of using different antiangiogenic inhibitors, sunitinib was replaceable by Avastin in combination with i.v. Reo. Despite the reported long half-life of Avastin, viral administration was still required relatively quickly following the third injection. We hypothesize that very high local levels of VEGF 165 produced from the engineered B16-VEGF tumors create a rapid rebound of VEGF 165 signaling to tumor-associated endothelium even in the presence of long-lived, but subsaturating levels of Avastin molecules. More detailed pharmacological studies on the levels of both sunitinib and Avastin achieved within tumors are ongoing. In addition, sunitinib-mediated VEGF 165 inhibition was therapeutic in B16-VEGF tumors when combined with a completely different oncolytic virus, namely VSV, although efficacy was less pronounced than for Reo. Overall, these data suggest that the combinational technology described here will both have broad applicability (multiple tumor types) and allow for flexibility regarding both the inhibitors of VEGF 165 signaling (e.g., Avastin or sunitinib) and the oncolytic virus that is used clinically.
Our results are clinically applicable in 2 distinct situations. First, in patients with VEGF 165 -nonexpressing tumors, pulsed VEGF 165 treatment followed with i.v. oncolytic virus could be tested. However, very real concerns about potential tumor growth-promoting effects of pulsed VEGF 165 treatment would have to be addressed, especially if the patients' tumors were known to express VEGFR2. Second, in patients with VEGF-expressing tumors (e.g., renal cell, ovarian), VEGF 165 inhibitors (sunitinib, Avastin) could be administered and then withdrawn to induce a VEGF burst during which oncolytic virotherapy could be given (34) (35) (36) (37) . This scenario is most appealing for clinical translation.
In summary, we have shown that manipulating VEGF 165 signaling pathways within the tumor microenvironment enables systemic delivery of oncolytic virotherapy. Therapy is associated with increased vascular permeability to circulating virus, VEGF 165 -mediated induction of viral replication in and lysis of endothelial cells, and innate immune-mediated attack on virally infected vasculature. Importantly, because this combinatorial approach targets the tumor endothelium, these data have direct, wide-ranging, and immediate clinical applicability across a broad range of tumor types using reagents that are already approved for use in patients.
Methods
Cells and viruses. B16 murine melanoma cells (H2-K b ) have been described previously (46) . B16ova (H-2K b ) (gift from Esteban Celis, Moffitt Cancer Center, University of South Florida, Tampa, Florida, USA) stably express the chicken ovalbumin gene (46) . HUVEC were purchased from ATCC and cultured as directed. Cell lines were monitored routinely and were free of Mycoplasma infection.
WT Reo type 3 (Dearing strain) stock titers were measured by plaque assays on L929 cells. VSV was generated, plaque purified, concentrated, and plaque assayed as described in ref. 47 . For in vivo studies, Reo and VSV were administered i.v. at 10 8 TCID50 and 5 × 10 8 PFU, respectively, per injection.
VEGF165 and VEGF165 inhibitors. Recombinant mouse VEGF165 (ProSpec) was used in vivo at 1 μg per injection. Sunitinib (LC Laboratories), a VEGFR tyrosine kinase inhibitor, was used at 0.04 μM in vitro and in vivo at 8 mg/i.p. injection (48) . Avastin (bevacizumab) (Mayo Cytotoxic Pharmacy) was used in vivo at 30 μg/injection (40) .
In vivo studies. Procedures were approved by the Mayo Foundation Institutional Animal Care and Use Committee. C57BL/6 mice (6-8 weeks old) (Jackson Laboratories) were injected subcutaneously with 2 × 10 5 B16 or B16ova cells (100 μl PBS). Bidimensional tumor diameters were measured thrice weekly using calipers, and mice were killed when actively progressing tumors exceeded 1.0 × 1.0 cm. Immune cell depletions involved i.p. injections (0.1 mg/mouse) of anti-CD8 (Lyt 2.43), anti-CD4 (GK1.5) (Monoclonal Antibody Core Facility; Mayo Clinic), and IgG control (ChromPure Rat IgG; Jackson ImmunoResearch). For NK depletion, approximately 0.75 mg/mouse anti-asialo-GM1 (Cedarlane) or rabbit IgG isotype control (Jackson ImmunoResearch Laboratories) was injected i.p. FACS of spleens and/or lymph nodes confirmed subset-specific depletions.
Virus titration from tumor and organs. Tumor/organs were harvested from mice, weighed, and lysed (3 freeze-thaw cycles within 2 hours of removal). Virus in lysates was titered on L929 cells and expressed as TCID50/mg tissue.
RT-PCR. 1 μg total RNA from cells/tumors (QIAGEN RNA Extraction Kit) was reverse transcribed using oligo(dT) primer. cDNA equivalent of 1 ng RNA was amplified for murine TIE2 (TIE2 PCR primer pair, no. RDP-50; R&D Systems), human VEGFR1/2 using primers described in ref. 49 , and gp100 using the following primers: (forward) 5′-ACATTTCATCAC-CAGGGTGCC-3′; (reverse) 5′-CAGGAACAAGTTGGGTGCT-3′.
Histopathology of tumor sections. Tumors were harvested, fixed in 10% formalin, paraffin-embedded, and sectioned. Two independent pathologists examined H&E sections, blinded to the experimental design.
Statistics. Survival data from the animal studies was analyzed by log-rank test (50) . Two-sample unequal variance Student's t test analysis was applied for in vitro assays. Statistical significance was determined at P < 0.05.
